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Abstract

Background—Tobacco use is often initiated during adolescence and continued into adulthood 

despite desires to quit. A better understanding of the neural correlates of abstinence from smoking 

in adolescents may inform more effective smoking cessation interventions. Neural reward systems 

are implicated in tobacco-use disorder, and adolescent smokers have shown reduced reward-

related ventral striatal activation related to increased smoking.

Methods—The current study evaluated nondrug reward anticipation in adolescent smokers using 

a monetary incentive delay task in fMRI pre- and post- smoking cessation treatment (n = 14). This 

study tested how changes in neural responses to reward anticipation pre- to post-treatment were 

related to reduced smoking. An exploratory analysis in a larger sample of adolescents with only 

pre-treatment fMRI (n = 28) evaluated how neural responses to reward anticipation were related to 

behavioral inhibition and behavioral activation scales.
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Results—Adolescent smokers showed pre- to post-treatment increases in reward anticipation-

related activity in the bilateral nucleus accumbens and insula, and medial prefrontal cortex, and 

greater increases in reward anticipation-related activity were correlated with larger percent days of 

smoking abstinence during treatment.

Conclusions—These findings suggest that reduced smoking during smoking cessation treatment 

is associated with a “recovery of function” in frontostriatal responses to nondrug reward 

anticipation in adolescent smokers, although comparison with a developmental control group of 

adolescent nonsmokers is warranted.
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1. Introduction

Tobacco use is typically initiated and established in adolescence, with nearly 90% of 

cigarette smokers starting by age 18, and 99% by age 26 (U.S. Department of Health and 

Human Services, 2012). Although few adolescent smokers imagine themselves smoking five 

years later, three of four will smoke into adulthood and one in three who continues smoking 

will die prematurely from tobacco-related illness (U.S. Department of Health and Human 

Services, 2012). Most adolescent smokers report wanting to quit and attempting to quit in 

the past year (Teplinskaya and Gerzoff, 2011), however, success is low (Stanton and 

Grimshaw, 2013). A better understanding of the neural correlates of smoking abstinence in 

adolescents may help to develop more effective smoking cessation interventions.

Drugs of addiction including nicotine alter the sensitivity of brain regions involved in 

motivation and reward (Robinson and Berridge, 2001). Addiction is typically associated 

with responsivity to drug-related cues in the mesocorticolimbic dopaminergic reward circuit 

including the ventral striatum and medial prefrontal cortex (Koob and Volkow, 2010). 

Neuroimaging studies indicate that smokers show increased drug cue-reactivity in reward-

related brain regions (Chase et al., 2011; Engelmann et al., 2012), including adolescent 

smokers (Rubinstein et al., 2011). Addicted individuals also show blunted responses in these 

brain regions to nondrug (i.e., monetary) rewards (Balodis and Potenza, 2015; Hommer et 

al., 2011; Sweitzer et al., 2015; Sweitzer et al., 2014), a finding also reported in adolescent 

smokers (Peters et al., 2011). Impaired reward processing in addiction may contribute to 

drug-seeking behavior and interfere with treatment. Furthermore, because adolescence is a 

period associated with heightened sensitivity to reward (Somerville et al., 2010), impaired 

reward processing may be both a risk factor for addictions and a potential target for 

treatment.

Behavioral tendencies also relate importantly to addictive behaviors (Kotov et al., 2010) and 

have been linked to early substance abuse (Malmberg et al., 2012; Shedler and Block, 1990), 

including adolescent smoking (Harakeh et al., 2006). In particular, individual differences in 

sensitivity to reinforcement may be a risk factor for addictions (Franken et al., 2006; Gray, 

1994). Two brain systems have been hypothesized to underlie individual reinforcement 

sensitivities and impact motivated behavior and affect: an appetitive or behavioral approach 
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system (BAS) and an aversive or behavioral inhibition system (BIS) (Carver and White, 

1994; Gray, 1981). High BAS sensitivity indicates a likelihood to activate goal-directed 

behavior in response to reward (Franken et al., 2006; Gray, 1981) such as drug-related cues 

(Carver and White, 1994; Franken et al., 2006). High BIS sensitivity indicates a likelihood 

to inhibit behavior that may lead to negative outcomes (Gray, 1981). Prior studies report that 

higher BAS was associated with greater likelihood of being a smoker, and (among smokers) 

smoking frequency, but did not find relationships between smoking and BIS (O’Connor et 

al., 2009; Tapper et al., 2015), and BIS/BAS has not been evaluated in adolescent smokers.

The present study aimed to evaluate reward processing, smoking behavior and reinforcement 

sensitivities in adolescent smokers in treatment for smoking cessation. To evaluate reward 

processing, we used a monetary incentive delay task (MIDT; Andrews et al., 2011; Knutson, 

2001) in functional magnetic resonance imaging (fMRI). The analysis focused on reward 

anticipation, based on findings that adolescent smokers showed lower ventral striatal 

responses to reward anticipation than nonsmokers, lowest in those who smoked more 

frequently (Peters et al., 2011). First, we tested for changes in reward anticipation-related 

brain activity pre- to post-treatment and whether those changes related to changes in 

smoking (n=14). We hypothesized that reward anticipation-related brain activity would 

increase pre- to post-treatment and correlate with reduced smoking. Next, we tested whether 

pre-treatment reward anticipation-related brain activity was related to BIS/BAS in a larger 

sample with only pre-treatment fMRI (n=28). We hypothesized that adolescents with higher 

BAS would show greater reward responsiveness (i.e., greater reward anticipation-related 

brain activity), and we explored the relationship between neural reward processing and BIS.

2. Materials and Methods

All procedures were approved by the Yale Human Investigations Committee. Parental 

consent and adolescent assent were obtained from adolescents aged 14–17 years, and 

consent was obtained from youth aged 18 years or older.

2.1. Participants

Treatment-seeking adolescent smokers were recruited from Connecticut high schools to 

participate in smoking cessation trials (Krishnan-Sarin et al., 2013b; NCT01145001). 

Adolescents were included if they reported smoking ≥ 5 cigarettes per day for the past six 

months and had a quantitative urine cotinine level ≥ 350 ng/ml (Graham Massey Analytical 

Labs, Shelton, CT). The Diagnostic Predictive Scale (Lucas et al., 2001) and an evaluation 

by a clinical psychologist were used to exclude adolescents with current Axis-I disorders 

(including substance use disorders other than nicotine dependence), significant untreated 

medical conditions, or suicidal or homicidal risk. (Table 1). All adolescents (n=28) took part 

in a pretreatment fMRI and a subset of these (n=14) also took part in a post-treatment fMRI.

2.2. Smoking cessation trials

Adolescents first scheduled a quit date and participated in a behavioral therapy session 4–7 

days before their quit day, during which motivational and cognitive behavioral strategies 

were used to emphasize the risks of continued smoking and the benefits of quitting and to 
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teach strategies to initiate cigarette abstinence. Data were collapsed across several trials 

(Krishnan-Sarin et al., 2013b; NCT01145001) to improve power for fMRI analysis. Ten 

adolescents had only pre-treatment fMRI: three took part in an 8-week pilot study and seven 

took part in a 4-week trial, both in which they were randomized to receive either CBT, 

contingency management (CM) for abstinence, or CBT along with CM for abstinence. 

Eighteen adolescents had the opportunity to take part in pre- and post-treatment fMRI (14 

completed the MID task at both fMRI sessions): these adolescents took part in a 6-week trial 

in which they were randomized to receive CBT and either nicotine patch (21 mg/day) or 

placebo patch, and either CM for abstinence and patch compliance or CM for patch 

compliance alone. Treatment groups were therefore: (a) CBT (n=3); (b) CM for abstinence 

(n=3); (c) CBT and CM for abstinence (n=4); (d) CBT, nicotine patch and CM for 

abstinence (n=4); (e) CBT, nicotine patch and CM for patch compliance (n=7); (f) CBT, 

placebo patch and CM for abstinence (n=3); (g) CBT, placebo patch and CM for patch 

compliance (n=4). CBT and CM were manual-guided and supervised by a licensed clinical 

psychologist (see Krishnan-Sarin et al., 2013b; NCT01145001). Self-reported smoking was 

collected weekly via Time Line Follow Back (TLFB) (Sobell and Sobell, 1992) and percent 

days of abstinence was calculated for the 4–8 week treatment.

2.3. fMRI monetary incentive delay task

Prior to their quit date, all adolescents (n=28) chose to participate in an optional 

pretreatment fMRI. One to 17 days after the end of treatment, a subset of adolescents (n=14) 

chose to participate in a post-treatment fMRI. The range of time between pre- and post-

treatment fMRI was therefore 6–10 weeks. Participants were asked not to smoke for one 

hour prior to scanning. Each fMRI session included two runs of a modified MIDT (modified 

from: Knutson et al., 2000) that parses anticipation into an “A1” phase representing motor 

anticipation and the prospect of working for a monetary reward/punishment and an “A2” 

phase representing the actual anticipation of monetary reward/punishment (Andrews et al., 

2011; Balodis et al., 2012; Balodis et al., 2013). Each run included 55 trials lasting 12 s 

each. Each trial included reward prospect (A1), anticipation (A2) and outcome (OC) phases. 

During the reward prospect (A1) phase, participants viewed a cue (1000 ms) signaling the 

potential win or loss of money ($0, $1 or $5) and then fixated on a crosshair (variable delay 

of 3–5 s). During the reward anticipation (A2) phase, a target (a box) appeared onscreen 

(variable duration, individually calibrated), and participants pressed a button and then 

fixated on a crosshair (variable delay of 4–6 s). They were instructed to press a button when 

the target appeared and while it was onscreen in order to win or avoid losing money. Finally, 

during the outcome phase (OC), they received feedback (1200 ms) on the win or loss of 

money and viewed their cumulative earnings on the task. fMRI image acquisition was time-

locked to cue offset, and trial types were pseudorandomized within each fMRI session. 

Adolescents practiced the task before scanning to minimize learning effects, and their 

practice session was used to calibrate in-scanner task difficulty (i.e., cue duration) to target 

wins on two-thirds of trials. They were informed that their compensation would be 

influenced by their in-scanner task performance.
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2.4. fMRI acquisition

Images were obtained with a Siemens TIM Trio 3T MRI system. High-resolution anatomical 

images were acquired using a magnetization-prepared rapid gradient-echo sequence 

(repetition time [TR]=2530ms, echo time [TE]=3.34ms, flip angle 7°, 256×256 in-plane 

matrix, 1mm slices, 176 slices). Functional images were acquired using an echo-planar 

image gradient-echo pulse sequence (TR=1500ms, TE=27ms, flip angle 60°, field of view 

[FOV]=220×220, 64×64 matrix, 4mm slice thickness with 1mm skip, 25 slices). Each run 

acquired 486 volumes including 9s to reach signal stability that was discarded from analysis.

2.5. Image preprocessing and analysis

Image analysis used SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12). Functional 

images were realigned for motion correction. Artifact Detection Tools (ART; www.nitrc.org/

projects/artifact_detect) toolbox was used to identify outliers in mean global intensity (>3 

standard deviations [SD] from the mean global signal) and motion (>1mm). The structural 

image was co-registered to the mean functional image and segmented. All images were 

normalized to the Montreal Neurological Institute (MNI) brain (Mazziotta et al., 1995) and 

smoothed using a 6mm Gaussian kernel. First-level models included regressors for each 

phase (A1/A2/OC) of each trial type (win/loss/neutral), with $1 and $5 trials combined by 

trial type to improve power. Fixation was modeled as implicit baseline. Regressors of no 

interest were included for motion parameters and outliers detected by ART. Four adolescents 

at each fMRI session completed only one run of the MIDT and two additional runs (n=2) 

were omitted due to excessive motion (>20% outliers); first-level contrasts were scaled to 

adjust for the missing data. The conditions were modeled using a boxcar function convolved 

with a canonical hemodynamic response function combined with time derivatives, and 

regressors were fit using SPM 12’s implementation of the general linear model. Analysis 

focused on win anticipation (A2 win) and loss anticipation (A2 loss) based on reported 

differences in reward anticipation in the MIDT in adolescent smokers (Peters et al., 2011), 

and because our previous work has found reduced ventral striatal activity specifically during 

the A2 phase in individuals at-risk for or with addictions (Andrews et al., 2011; Balodis et 

al., 2012). Win/loss anticipation was modeled relative to implicit baseline rather than neutral 

trials based on arguments of inter-subject variability in non-gain-related processing during 

neutral trials (Balodis and Potenza, 2015). An exploratory second-level whole brain analysis 

was conducted (see supplement1).

2.6. Region of interest (ROI) analysis

ROIs included the left and right nucleus accumbens (NAc) and insula, and the medial 

prefrontal cortex (MPFC). The NAc and insula ROIs were anatomical masks from Wake 

Forest University PickAtlas (http://fmri.wfubmc.edu/software/pickatlas). The MPFC was a 

10mm radius sphere centered at (5, 45, 0) based on the MPFC peak from a meta-analysis of 

fMRI studies of reward anticipation using the MIDT or similar cued response tasks 

(Knutson and Greer, 2008). MarsBar (Brett et al., 2002) was used to extract the ROI data for 

each functional image to a voxel time course for each voxel in the ROI; calculate a summary 

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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time course for each ROI as the mean of the voxel values in the ROI; estimate the fMRI 

model with the ROI data; and apply a contrast to the model to derive an effect size (i.e., 

contrast value) for the ROI.

2.7. Behavioral inhibition/behavioral approach measure

The behavioral inhibition system/behavioral approach system (BIS/BAS) scale is a 24-item 

self-report to assess dispositional BIS (e.g., “I worry about making mistakes”) and BAS 

(e.g., “I crave excitement and new sensations”) sensitivities (Carver and White, 1994). The 

relevant items are scored and summed such that higher total scores indicate higher BIS or 

BAS sensitivity. BIS/BAS was completed 5–9 days prior to quit date. One adolescent did not 

complete the BIS/BAS.

2.8. Statistical analysis

Analyses used SPSS 22 (www.ibm.com/analytics/us/en/technology/spss/). To evaluate 

whether reward anticipation-related ROI activity increased pre- to post-treatment in 

adolescent smokers, repeated measures analyses of variance were tested with time point 

(pre/post) and ROI (left/right NAc and insula, MPFC) as within-subjects factors, separately 

for A2 win/loss (n=14). Post-hoc pairwise comparisons were used to test the mean 

difference between time points for each ROI. To test our primary hypothesis that increases in 

ROI activity pre- to post-treatment were related to reduced smoking, one-tailed Spearman’s 

correlations were tested between change in ROI activity and percent days of abstinence 

during treatment. Exploratory two-tailed Spearman’s correlations were tested between pre-

treatment ROI activity and percent days of abstinence during treatment for those with 

complete smoking data (n=20).

To test our secondary hypothesis that higher BAS scores were related to greater reward 

responsiveness, separate linear regressions were tested for each ROI, with pre-treatment ROI 

activity during A2 win/loss as the dependent variable and BIS/BAS scores as independent 

variables (n=27; one participant did not complete the BIS/BAS). SPSS 22 default casewise 

diagnostics was used to detect and remove outliers with residuals >3 SD from the mean. 

Finally, two-tailed Spearman’s correlations were tested between change in ROI activity and 

BIS/BAS scores.

3. Results

3.1. Pre- to post-treatment changes in brain activity

A significant effect of time (pre/post) on ROI activity during A2 win was observed 

(F(1,13)=9.11, p=.01), and remained significant when including between-subjects factors for 

treatment group (F(1,10)=7.33, p=.022), sex (F(1,12)=8.26, p=.014) or age (F(1,9)=7.72, p=.

021), or when including group, sex and age in the same model (F(1,3)=41.99, p=.007). No 

effect of ROI (F(1,10)=2.11, p=.154) or time by ROI interaction (F(1,10)=0.86, p=.52) was 

found. Significant pre- to post-treatment increases in ROI activity during A2 win were 

observed in all ROIs (Figure 1): left NAc (t=−2.53, df=13, p=.025), right NAc (t=−2.61, 

df=13, p=.022), left insula (t=−2.94, df=13, p=.011), right insula (t=−2.37, df=13, p=.034) 

and MPFC (t=−2.76, df=13, p=.016).
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A significant effect of time (pre/post) on ROI activity during A2 loss was observed 

(F(1,13)=6.50, p=.024), and remained significant when including between-subjects factors 

for treatment group (F(1,10)=9.81, p=.011), sex (F(1,12)=6.11, p=.029) or age (F(1,9)=7.45, 

p=.023), and when including group, sex and age in the same model (F(1,3)=154.55, p=.001). 

No effect of ROI (F(1,10)=1.65, p=.237) or time by ROI interaction (F(1,10)=0.4, p=.76) 

was found. Significant pre- to post-treatment increases in ROI activity during A2 loss were 

found in most ROIs (Figure 1): left NAc (t=−2.33, df=13, p=.037), left insula (t=−2.74, 

df=13, p=.017), right insula (t=−2.48, df=13, p=.028); except the right NAc (t=−1.51, df=13, 

p=.155) and MPFC (t=−1.40, df=13, p=.186).

3.2. Pre- to post-treatment changes in brain activity and reduced smoking

As predicted, significant positive correlations were found between percent days of 

abstinence during treatment and pre- to post-treatment increases in ROI activity for A2 win 

in the left NAc (r=.52, p=.029), left insula (r=.56, p=.02) and MPFC (r=.57, p=.017). A 

significant positive correlation was also found between percent days of abstinence during 

treatment and pre- to post-treatment increases in ROI activity for A2 loss in the left NAc (r=.

58, p=.016). (Figure 2).

3.3. Pre-treatment brain activity and reduced smoking

A significant negative correlation was found between percent days of abstinence during 

treatment and pre-treatment ROI activity for A2 loss in the left insula (r=−.50, p=.023, 

n=20). No correlations were found with pre-treatment ROI activity for A2 win.

3.4. Pre-treatment brain activity and BIS/BAS scores

BAS scores were positively associated with pre-treatment ROI activity for A2 win in the left 

NAc (β=.577, t=2.80, p=.01), and BIS/BAS scores together explained a significant 

proportion of the variance in the left NAc during A2 win (R2[adjusted]=.216, F(1,25)=4.45, 

p=.023). BAS scores were also positively associated with pre-treatment ROI activity for A2 

win in the right NAc (β=.594, t=2.85, p=.009), and BIS/BAS scores together explained a 

significant proportion of the variance in the right NAc during A2 win (R2=.203, 

F(1,25)=4.19, p=.028). BIS scores were negatively associated with pre-treatment ROI 

activity during A2 win in the right insula (β=−.521, t=−2.48, p=.02), and BIS/BAS scores 

together explained a significant proportion of the variance in the right insula during A2 win 

(R2=.18, F(1,26)=3.84, p=.036). BIS scores were also negatively associated with pre-

treatment ROI activity during A2 loss in the left insula (β=−.47, t(25)= −2.14, p=.043). 

(Table 2; see supplement Figure S12).

3.5. Pre- to post-treatment changes in brain activity and BIS/BAS scores

As predicted, BAS scores positively correlated with pre- to post-treatment increases in 

reward anticipation-related ROI activity during A2 win in the left NAc (r=.50, p=.04 one-

tailed; p=.079 two-tailed). BIS scores positively correlated with pre- to post-treatment 

increases in reward anticipation-related ROI activity during A2 win in the left insula (r=.69, 

2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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p=.009, two-tailed) and MPFC (r=.62, p=.024, two-tailed). No significant correlations were 

found between BIS or BAS and changes in ROI activity during A2 loss. One adolescent did 

not complete the BIS/BAS. (see supplement Figure S22).

4. Discussion

This study evaluated brain activity during monetary reward anticipation in adolescent 

smokers participating in smoking cessation treatment, to better understand how brain 

correlates of reward processing relate to smoking abstinence in adolescents. Adolescent 

smokers have previously demonstrated lower ventral striatal activity during monetary reward 

anticipation that was associated with higher smoking frequency (Peters et al., 2011). The 

current findings suggest that adolescents who reduced their smoking frequency during 

treatment showed correlated pre- to post-treatment increases in frontostriatal activity during 

monetary reward anticipation. In both our study and that by Peters et al., left NAc activity 

related to smoking frequency. The NAc has a central role in reward-seeking behavior 

(Ikemoto and Panksepp, 1999) and codes positive incentive values (Knutson, 2001). Blunted 

responses in the NAc to nondrug (i.e., monetary) rewards have been repeatedly implicated in 

tobacco addiction (e.g., Buhler et al., 2010; Lessov-Schlaggar et al., 2013; Sweitzer et al., 

2015). Several studies report that individuals with lower ventral striatal response to monetary 

rewards during short-term abstinence were more likely to smoke despite monetary incentives 

for continued abstinence (Sweitzer et al., 2015; Wilson et al., 2014). For example, smokers 

with lower ventral striatal activity during monetary reward anticipation after 24hr abstinence 

were more likely to lapse in a 3wk contingency management-supported quit attempt 

(Sweitzer et al., 2015). Our finding that reduced smoking was linked to increases in 

monetary reward anticipation (win/loss)-related NAc activity suggests that, at least among 

youth, reduced smoking may “reverse” some smoking-related deficits in NAc 

responsiveness.

Reduced smoking was also correlated with pre- to post-treatment increases in reward (win) 

anticipation-related MPFC activity. The MPFC contributes to goal-directed behavior in 

response to motivational salience and reward expectation (Goldstein and Volkow, 2002), and 

prefrontal supervisory functions may be down-regulated in addiction (Goldstein and Volkow, 

2002). Together, the prefrontal cortex and NAc contribute to the initiation of drug-seeking 

behaviors (Kalivas and Volkow, 2005). Our findings suggest that for adolescent smokers, 

reducing smoking may “reverse” addiction-related changes in MPFC and NAc reward 

responsiveness and possibly increase the value of nondrug reinforcers. This suggests that 

interventions that provide nondrug reinforcers, such as contingency management, or increase 

the salience and motivational value of nondrug rewards, such as behavioral activation 

therapy (MacPherson et al., 2010), may be beneficial to help maintain smoking abstinence 

(Kalivas and Volkow, 2005) among youth. Furthermore, whereas acute nicotine delivery 

(i.e., nicotine patch during fMRI) was found to be insufficient to recover reduced reward-

related frontostriatal activity in smokers (Rose et al., 2012), varenicline has been found to 

reduce the salience of primary rewards such as high monetary gain on the MID task (Fedota 

et al., 2015), an effect which may contribute to the efficacy of varenicline and similar 

pharmacological interventions compared with nicotine replacement therapy for smoking 

cessation.
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Individual differences in BIS/BAS sensitivities also related to brain activity during reward 

anticipation. As predicted, BAS scores were positively associated with reward (win) 

anticipation-related NAc activity at pre-treatment and with increases in win-anticipation-

related NAc activity pre- to post-treatment. Moreover, increases in win-anticipation-related 

NAc activity correlated with reduced smoking. BAS scores indicate reward responsiveness 

or motivated behavior in response to reward signals (Carver and White, 1994; Franken et al., 

2006). The neurobiology of BAS involves the dopaminergic reward system including the 

NAc (Depue and Collins, 1999; Knutson and Cooper, 2005). BAS scores have been 

previously associated with responses to appetitive stimuli in reward-related brain regions 

including the ventral striatum (e.g., Beaver et al., 2006; Kelley, 2004), and linked to 

disordered approach behaviors including substance abuse (Franken, 2002; Franken et al., 

2006; Knyazev, 2004). Higher BAS sensitivity in young adults and adults has been related to 

higher likelihood of being a smoker (O’Connor et al., 2009; Tapper et al., 2015), and to 

higher smoking frequency (Tapper et al., 2015; Voigt et al., 2009). Subscales of the BAS 

(fun-seeking, reward responsiveness and drive) have been related to smoking status in young 

adults (Baumann et al., 2014). BAS subscales were not evaluated here due to a lack of power 

to examine the four-factor BIS/BAS structure; however, a recent study validated the two-

factor BIS/BAS in a large group of adolescents (Yu et al., 2011). One interpretation of our 

findings is that adolescents who are more responsive to rewards as indicated by high BAS 

may respond better to incentive-based (including monetary) smoking cessation 

interventions. High BAS is also associated with impulsivity, and in an earlier study, 

adolescents who reported higher impulsivity were more likely to report interest in incentive-

based smoking cessation programs (Morean et al., 2014), and responded better when 

treatment included a behavioral incentive for abstinence (Morean et al., 2015).

BIS scores negatively correlated with insula activity during reward (win/loss) anticipation at 

pre-treatment, and positively correlated with increases in win-anticipation-related insula 

activity pre- to post-treatment. BIS scores indicate sensitivity to negative reinforcement and 

the tendency to inhibit behavior that may result in negative outcomes (Carver and White, 

1994; Gray and McNaughton, 2000). Adolescence is typically a period of heightened reward 

sensitivity without appropriate behavioral inhibition (Somerville et al., 2010). Disordered 

behavioral inhibition may be a risk factor for or predictor of substance use including 

smoking (Iacono et al., 1999), possibly due to an impaired ability to anticipate the negative 

consequences of these behaviors (Dinn et al., 2004). The insula is activated in response to 

smoking-related cues in smokers (Engelmann et al., 2012) and is implicated the 

interoceptive effects of smoking and the subjective experiences of craving (Naqvi et al., 

2014). Pre-treatment smoking cue-reactivity in the insula has been correlated with smoking 

lapses during an 8-week treatment (Janes et al., 2010). Likewise, damage to the insula by 

stroke was found to disrupt tobacco addiction (Naqvi et al., 2007). Related to nondrug 

rewards, fMRI studies using the MIDT report increased insula activity during win/loss 

anticipation that may reflect arousal to uncertain outcomes in general (Knutson and Greer, 

2008). Therefore, one possible and currently speculative interpretation of our findings is that 

adolescent smokers who are more sensitive to negative outcomes as indicated by high BIS 

show lower arousal in response to uncertain outcomes in general as indicated by low insula 
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activity during win/loss anticipation on the MIDT. Again, our findings indicate some 

potential “recovery” of this response across treatment.

BIS scores also positively correlated with pre- to post-treatment increases in reward (win) 

anticipation-related MPFC activity. Greater inhibition-related MPFC activity has been 

associated with reduced smoking and reduced dependence in adolescents (Galvan et al., 

2011). Lower reward-related MPFC activity has been associated with poor self-control and 

low motivation in individuals with addictions (Goldstein et al., 2007; Goldstein and Volkow, 

2002). In the current study, reward-related MPFC activity also increased pre- to post-

treatment and positively correlated with reduced smoking. Taken together, these findings 

suggest that particularly among adolescent smokers with high BIS sensitivity, reduced 

smoking may lead to increases in reward-related MPFC activity. More work is needed to 

evaluate whether these changes reflect increases in inhibition-related MPFC activity that 

may be relevant to treatment.

Interpretation of these findings would be strengthened by comparison with a control group 

of adolescent nonsmokers to differentiate the observed effects from typical developmental 

changes in reward processing. Maladaptive reward seeking and risky behaviors are often 

seen during adolescence, when the neural circuitry implicated in reward processing and 

decision-making continues to develop (Fareri et al., 2008). Brain structural and functional 

developmental changes are ongoing in the prefrontal cortex and limbic regions critical for 

reward processing, and impaired reward responsiveness may lead adolescents to seek novel 

positive reinforcers such as smoking (Spear, 2000). Neural reward responses change across 

development, such as lower ventral striatal activity in response to reward (win) anticipation 

in adolescents compared with young adults (Bjork et al., 2004). A recent large longitudinal 

fMRI study reported that within-subject reward anticipation-related NAc activity increased 

from childhood to adolescence and decreased from adolescence to young adulthood (Heitzeg 

et al., 2014). Most participants in that study were children of individuals with alcohol use 

disorders, and NAc response was found to mediate the effects of a genotype associated with 

alcohol dependence on later problems. These effects are somewhat mitigated in the present 

study by the relatively short time interval between fMRI scans (6–10 weeks). Nevertheless, 

more work is needed to differentiate the effects of development from those of reduced 

smoking on changes in reward processing in adolescents. Additionally, more work is 

warranted to evaluate whether the current findings are related to abstinence and/or treatment, 

as well as how they may relate to functioning of specific neurotransmitter systems.

This study was also limited by its small sample, limiting the generalizability of findings. 

Replication in a larger sample powered to correct for multiple comparisons is necessary. The 

small sample size precluded our ability to evaluate the specific effects of different treatment 

modalities and the effects of nicotine replacement therapy. However, previous studies have 

proposed neural mechanisms underlying the efficacy of these treatments (DeVito et al., 

2012; Feldstein Ewing et al., 2011), and prior studies have similarly collapsed data across 

treatments to examine relationships between brain changes and smoking behavior as we did 

here (e.g., Krishnan-Sarin et al., 2013a). Finally, biochemical verification would have 

provided a more reliable marker of smoking abstinence versus self-report; however, we 

could not use cotinine to biochemically validate abstinence since some adolescents received 
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nicotine replacement. Importantly, self-reports of percent days of abstinence have been 

shown to be a sensitive indicator of the effects of substance abuse treatment (Carroll et al., 

2014).

In conclusion, this study demonstrates that adolescent smokers who were successful at 

reducing smoking during treatment showed related increases in frontostriatal responses to 

monetary reward anticipation. These findings improve our understanding of the neural 

correlates of reduced smoking during behavioral interventions in adolescents, which should 

inform more effective interventions. Improving smoking cessation treatments in adolescents 

is critical given the high rates of adolescent smoking and lifelong health implications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• One of the first longitudinal fMRI studies of smoking cessation treatment in 

adolescents.

• Adolescents show increased non-drug reward-related brain activity pre- to 

post-treatment.

• Increases in reward-related brain activity were associated with smoking 

abstinence.

Garrison et al. Page 16

Drug Alcohol Depend. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Pre- to post-treatment increases in regions of interest activity during reward anticipation (A2 

win/loss) in adolescent smokers, for the medial prefrontal cortex (blue), bilateral insula (red) 

and bilateral nucleus accumbens (green). *p<.05, n=14.
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Figure 2. 
Pre- to post-treatment change in regions of interest activity during reward anticipation 

correlated with percent days of abstinence during treatment, for A2 win in the (A) medial 

prefrontal cortex (MPFC), (B) left insula and (C) left nucleus accumbens (NAc), and (D) for 

A2 loss in the left NAc. Black circles indicate adolescents who received contingency 

management (CM) for abstinence and patch compliance, gray circles received CM for patch 

compliance alone; closed circles received nicotine patch, open circles received placebo 

patch.
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